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Abstract. The indirect effect of aerosols on water clouds, whereby aerosol
particles change cloud optical properties, is caused by aerosol induced
changes of the size and number of cloud droplets. This affects the lifetime of
the water clouds as well as their shortwave radiative properties. In addition
anthropogenic aerosols may change the properties of ice forming nuclei. To
investigate the potential effect of aerosol-ice cloud interactions by contact
freezing a prognostic equation for the number concentration of ice crystals
is introduced into the ECHAM GCM. A simulation in which the number of
contact ice nuclei is considered to be only temperature dependent is compared
to simulations in which contact ice nuclei are considered to be dust aerosols.
If dust aerosols are assumed to lose their nucleability by forming an internally
mixed aerosol with sulfate, then the ice formation is slightly inhibited. On
the contrary, if all contact nuclei are assumed to be insoluble carbonaceous
aerosols, as found in contrails and some cirrus clouds, then contact nucleation
is more important so that the liquid water path is smaller and the ice water
path larger. These changes are, however, small compared to the extreme
assumptions of having either no ice nuclei at all or so many ice nuclei that no

supercooled cloud water exists.

1. Introduction

Anthropogenic aerosols such as sulfate and carbona-
ceous aerosols have substantially increased the global
mean burden of aerosols from preindustrial times to
the present-day. The indirect aerosol effect, where an-
thropogenic aerosols act as cloud condensation nuclei
(CCN) thereby determining the initial cloud droplet
number concentration (CDNC), albedo, precipitation
formation, and lifetime of warm clouds is estimated to
be between 0 and -2 W m~2, e.g. Rotstayn (1999);
Lohmann et al. (2000).

During the second Aerosol Characterization Experi-
ment (ACE2) and during the Indian Ocean Experi-

ment (INDOEX) it was found that the addition of
anthropogenic aerosols increases the number of cloud
droplets and decreases the mean cloud droplet size, e.g.
Pawlowska and Brenguier (2000), Heymsfield and Mc-
Farquhar (2000). Experimentally it was found that
the freezing temperature of cloud droplets depends on
their volume (Pruppacher and Klett 1997) such that
smaller droplets freeze at a lower temperature than
larger droplets. Thus the decrease of cloud droplet
size could lead to a slower or less frequent glaciation
of supercooled clouds. This could, however, be offset
because the probability of freezing rises as the num-
ber of cloud droplets increases. Therefore, a change in
freezing behaviour due to anthropogenic aerosols could
potentially change the phase of clouds and the long-
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wave cloud radiative forcing. In current climate mod-
els, changes in homogeneous freezing cannot be simu-
lated because saturation adjustment schemes are used.
However, the parameterization of heterogeneous freez-
ing that is used in Lohmann et al. (2000) depends on
cloud droplet size and number, and thus could have
been affected by changes in aerosol load. This effect
was found to increase the global mean longwave radia-
tion by only 0.2 W m~2 in Lohmann et al. (2000) which
is comparable to the increase of 0.1 W m~2 in Rotstayn
(1999).

Anthropogenic aerosols may also change the properties
of ice forming nuclei. Precipitation originating from su-
percooled liquid water clouds where the temperatures
are too warm for homogeneous freezing of cloud drops
to occur requires an aerosol surface to provide a sub-
strate for ice initiation. Typical natural ice nuclei in
the atmosphere are insoluble particles like mineral and
soil dust. They may lose their nucleability, if foreign
gases such as sulfur dioxide (SO2) or ammonia (NH;)
occupy their active sites (Pruppacher and Klett 1997).

Here the hypothesis that anthropogenic sulfur com-
pounds reduce the nucleability of ice forming nuclei,
which are assumed to be dust aerosols, is investigated.
SO, adsorbed on a dust particle will occupy its active
sites. Additionally, if oxidized to sulfate, the mixed
aerosol will be hygroscopic and be incorporated in a
cloud drop, and thus no longer be available as a con-
tact nuclei. It could increase the number of immersion
nuclei because the sulfate/dust mixture will have a sur-
face for ice nucleation. However, the parameterization
of immersion freezing currently used in ECHAM does
not depend on the number of immersion freezing nu-
clei. Therefore only the change in the number of con-
tact nuclei due to internally mixed sulfate/dust aerosols
is considered.

In order to study aerosol-induced changes in ice clouds,
first a prognostic equation for the number concentra-
tion of ice crystals is introduced (section 2) so that
now the first two moments of the cloud droplet and ice
crystal size distributions are predicted. Validation with
observations is discussed in section 3. Three sensitiv-
ity experiments are conducted, including one in which
the number of contact nuclei equals the number of dust
aerosols, one where the number of contact nuclei is re-
duced in proportion to the number of sulfate aerosols
to mimic an internally mixed sulfate-dust aerosol and
one where all contact nuclei are assumed to be insol-
uble carbonaceous particles (section 4). Furthermore,
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two sensitivity experiments are carried out to test the
most extreme assumptions about ice nuclei, either that
ice nuclei are as abundant as cloud condensation nuclei
so that no supercooled cloud water exists or that there
are no ice nuclei at all. Section 5 summarizes the results
and concludes this paper.

2. Model Description

The ECHAM model used in this study is a modified
version based on Lohmann et al. (1999a). Prognostic
aerosol variables are mass mixing ratios of sulfate, or-
ganic and black carbon, sub- and supermicron dust (0-
1 pm and 1-2 pm), and sub- and supermicron sea salt
(0-1 pm and 1-10 pm). Sulfate, organic and black car-
bon are as described in Lohmann et al. (1999a) except
that the exponential aging time, where a hydrophobic
carbonaceous aerosol becomes hydrophilic, has been re-
duced to 24 hours. Also, the in-cloud scavenging has
been changed such that instead of following Giorgi and
Chameides (1986) who assume a constant liquid water
content of 0.5 g m~3, here the model predicted liquid
water content is used. The mineral dust fluxes are pro-
vided by (Ginoux et al. 2000) and the sea salt fluxes
are based on the formulation by Monahan et al. (1986).

The prognostic cloud variables, mass mixing ratios
of cloud liquid water and cloud ice, and the num-
ber concentrations of cloud droplets, are described in
Lohmann and Roeckner (1996) and Lohmann et al.
(1999a). The condensation/deposition parameteriza-
tion has been changed and is now formulated using
a better numerical scheme following Lenderink et al.
(2000). Here a modified version of the Ghan et al.
(1993) parameterization for cloud droplet nucleation
that was derived using data from the North Atlantic
Regional Experiment (NARE) is used at cloud base
(Leaitch et al. 1996), (Lin and Leaitch 1997):

1
Qnuct = max At (0-1(Nlmm)1'27 - Nold) ;0 (1)
where N
Nmax — aW 2
i T aN. (2)

and a = 0.023 cm? s~!. N, is the number concen-
tration of the sum of sea salt, hydrophilic black car-
bon, hydrophilic organic carbon, ammonium sulfate,
methane sulfonic acid and 10% of the dust aerosols
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that is assumed to be hydrophilic. Here an externally
mixed aerosol is assumed. The updraft velocity w is
obtained as the sum of the grid mean vertical velocity
and a turbulent contribution expressed in terms of the
turbulent kinetic energy (TKE) for stratiform clouds
(Lohmann et al. 1999a) and in terms of the convec-
tively available potential energy (CAPE) for convective
clouds (Leo Donner, personal communication, 1999):

[ w+1.33VTKE
| w+0.5v/CAPE

stratiform clouds 3)
convective clouds

Note that the scaling factor in (3) used here for strat-
iform clouds is almost twice as large as described in
Lohmann et al. (1999a). The higher factor is necessary
because the maximum number of cloud droplets acti-
vated is determined first (equation (2)). It corresponds
roughly to the 5% highest updraft velocities found dur-
ing NARE. Then the maximum cloud droplet number is
empirically related to the average cloud droplet number
concentration in equation (1).

Nucleation is only calculated at cloud base when con-
densation occurs. The amount of droplets nucleated
is assumed to be constant throughout the depth of
the cloud to mimic the internal circulation inside the
cloud. In old clouds, only new droplets are formed if
the number that would be activated at cloud base ex-
ceeds the number of pre-existing cloud droplets at cloud
base (Noig)-

Most importantly, a prognostic equation for the number

concentration of ice crystals (IV;) is introduced:
ON;
ot

R(Nz) + Qnuci - let + %(erz + Qsecp
_Qagg - Qsaci - Qself - qub) (4)

R(N;) represents the advective, turbulent, and convec-
tive transports of V;. Convective transport refers to the
detrainment at the top of cumulus clouds. For convec-
tively detrained ice crystals as well as for ice crystals
formed at temperatures below -35°C (Qpuci), the num-
ber concentration of ice crystals is related to the newly
formed ice water content (¢***) as tested in the column
model version of the Canadian climate model (Lohmann
et al. 1999b). First of all the effective ice crystal radius
rie is determined. It is parameterized as a function of
temperature based on observations from mid-latitude

cirrus by Ou and Liou (1995) (in SI units):

0.5-107%[326.3 + 12.4 (T — T,)
+0.2 (T —T,)* +0.001 (T — T,)*] (5)

Tie =

where T,=273.16 K.

Then the mean volume radius r;, is determined by em-
pirically relating it to the effective ice crystal radius
rie from simultaneous measurements of the two radii
(Moss, personal communication, 1996):

Tiv = 10_6 \3/ B + \3/ v+ d- r?e (6)

where 8 = —2.261% 103, v = 5.113 x10% and § = 2.809 *
102,

With that the rate at which new ice crystals nucleate is
given as
3pog*” 1

Qnuci = m : Kt (7)

where p; (= 500 kg m~3) is the ice crystal density, po
is the air density, At is the model timestep and g¢}**%
refers to either the detrained cloud ice mass mixing ratio
or the cloud ice mass mixing ratio calculated from the
saturation adjustment scheme used for deposition.

The other microphysical processes are aggregation of
ice crystals Qagg, self-collection of ice crystals Qseif, ac-
cretion of ice crystals by snow Qsaci, freezing of cloud
droplets Qg, and secondary production of ice crystals
Qsecp (see below), melting of ice crystals Qmi, and
sublimation of ice crystals Qsyp. The conversion rates
in terms of the cloud ice mass mixing ratio are de-
scribed by Lohmann and Roeckner (1996). They are
adapted from the mesoscale model GESIMA (Levkov
et al. 1992). For all processes except nucleation and
melting, it is assumed that the ice crystal number con-
centration is depleted in proportion to the ice water
mixing ratio following Levkov et al. (1992). In case
of sublimation, this should mimic heterogeneous subli-
mation where some ice crystals from all size categories
sublimate. Evidence for heterogeneous evaporation has
been observed for cloud droplets (Hudson and Rogers
1986).

The ice phase in ECHAM can be initiated by immer-
sion and condensation freezing, contact freezing or de-
position. The only parameterization of heterogeneous



LOHMANN: Aerosol-ice effects

ice formation between -35°C and 0°C which depends
on the number of ice nuclei is contact freezing of cloud
droplets (m~2 s~1) following Levkov et al. (1992) (in SI

units):
2

N
erz,cnt = mioDap47T'rlNa,cntp_qll (8)

where r; is the volume mean droplet radius, ¢; is the
cloud liquid water mass mixing ratio in the cloudy part
of the grid box, N; is the number concentration of
cloud droplets, p is the air density, T' is the temper-
ature, m;, = 10712 kg is the original mass of a newly
formed ice crystal, Dy, is the Brownian aerosol diffu-
sivity, Ng,cnt is the number of contact nuclei following
Young (1974) given as N,,(270.15 — T)!-3 where N,,
= 2 x 10° m3 is the number of active ice nuclei at
269.15 K. In the reference simulation, N,, is assumed to
be constant with height following Cotton et al. (1986).
The Brownian aerosol diffusivity is given by:

_ kTC.
- 67T,

9)

where k is the Boltzmann constant, T is the tempera-
ture, 7 is the viscosity of air (n = 107> (1.7184-0.0049*(T-
T,)-1.2*¥107%*(T-T,)?) kg m~! s71), r,, is the aerosol
mode radius and C, is the Cunningham correction fac-
tor (Ce = 141.26 2-227F). Here X is the molecular
free path length of air (A=0.066 pm) and p, and T,
refer to standard condition of 101325 Pa and 273 K.
The aerosol mode radius is taken to be 0.01 pym in the
standard simulation.

ap

Immersion and condensation freezing is given by Levkov
et al. (1992) based on the laboratory data from Bigg
(1953):

Qftrz imm = alexp{b(273.2 - T)} — 1]%
|

(10)
where a=100 m~3 s7!, b=0.66 K~ and p; is the water
density.

Secondary ice production uses a parameterization of the
Hallett-Mossop process that takes place between -3°and
-8°C as described in Levkov et al. (1992):

Qsecp :K(l_f25J) (11)

where K (=0.003) is a temperature dependent coeffi-
cient, fo5 is the fraction of cloud droplets smaller than
25 pum and J is the rate of collisions between the snow
crystals and cloud droplets greater than 25 pym in di-
ameter given by:

Ey0TpgunosT(3.5) (4gps )0'5 (12)

7= 43 5m, 3Cpp
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where m,, (=4.19 10712 kg) is the mean cloud droplet
mass treating the cloud water as monodisperse, Eg,, is
the collection efficiency of snow for cloud water, which
is assumed to be 1, g is the acceleration by gravity, ps
(=0.1 kg m~3) the density of snow, and Cp (=0.6) is
the drag coefficient.

3. Comparison with Observations

All simulations were conducted in T30 horizontal reso-
lution with 19 vertical levels over a period of 3 years af-
ter an initial spin-up of 3 months. Satellite retrievals of
cloud ice are not yet available, so the only data sets that
can be used for model validation are those obtained dur-
ing field campaigns. Figure 1 shows the average cloud
water content versus in-cloud temperature measured by
aircraft (Learjet) during the Central Equatorial Pacific
Experiment (CEPEX) between 20°S and 2°N, and be-
tween 165°E and 170°W (Lohmann et al., 1995; McFar-
quhar and Heymsfield, 1996). Vertical bars indicate the
25% and 75% quartiles of the observations. The average
ice water content during CEPEX is dominated by a few
cases with large ice water contents, because the ice wa-
ter content in each temperature bin is positively skewed.
It can, therefore, exceed the 75% percentile value (Fig.
1). In addition exponential fits of the ice water content
as a function of in-cloud temperature from 4 different
field experiments (Heymsfield 1993) in the midlatitudes
and tropics have been added. Since the observational
data probably include supercooled cloud droplets, the
sum of cloud ice and supercooled cloud water is taken
from the model simulation as well as only the ice water
content. The model data are sampled every 12 hours for
one month between 50°N and 50°S. ECHAM captures
the observed increase of condensed water with temper-
ature as evident in all data sets. However, the ice water
content alone has its maximum value between -25°C
and -20°C and decreases at warmer temperatures.

Figure 2 shows the percentage of liquid water found
in clouds between 0 and -40°C from the same model
data. Superimposed are best fits to observations from
the British Isles (Moss and Johnson 1994) and from
Russia (Matveev 1984). The observations made with
the British aircraft show that no liquid water exists be-
low -10°C whereas the data over the Russia as well as re-
cent observations in the Arctic (Bretherton et al. 2000)
show that supercooled cloud liquid water can exist at
temperatures as low as -35 or -40°C. ECHAM falls in
between the different estimates. It agrees better with
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the observations over Russia and the Arctic in that su-
percooled water can be found at temperatures as low as
-35°C.

4. Sensitivity Experiment

In the first sensitivity study, equation (8) is linked to
the predicted aerosols by assuming that the number of
active ice nuclei at 269 K equals the number of dust
aerosols (simulation DUST). Here the temperature de-
pendence that Young (1974) assumed for contact nuclei
(Na,ent = Nip(270.15 — T')'-3) is kept. It takes into ac-
count the temperature dependence of dust contact nu-
clei that was found by Pitter and Pruppacher (1973)
from wind tunnel studies. It also allows for volcanic or
meteoric dust, which have not been taken into account,
to additionally act as ice forming nuclei at higher al-
titudes or colder temperatures. The number of dust
aerosols is obtained from the accumulation and coarse
mode dust mass mixing ratio by assuming log-normal
distributions with mode radii of 0.39 pm and 1.9 pm,
a density of 2600 kg m—2 and a geometric standard de-
viation of 2 and 2.15, respectively (Hess et al. 1998).
This is an upper bound for the number of natural con-
tact nuclei, because an external mixture is assumed.
That is, the dust aerosols are assumed to be free from
contaminations by SO, or sulfuric acid.

In the second sensitivity study the number of dust con-
tact nuclei is reduced according to the abundance of
sulfate aerosols (simulation DUST-SULF). This is mo-
tivated by studies by Dentener et al. (1996) and Levin
et al. (1996) based on observational data showing that
Asian and Mediterranean mineral aerosols are often
coated with sulfates and other soluble materials as well
as on laboratory measurements showing that 25-400 mg
SO; g~ ! may be removed by fly ash, cement and dust.
Although the heterogeneous reaction of SOs on min-
eral dust is highly unknown Dentener et al. (1996) ac-
counted for it using a chemical transport model. They
showed that the region from East Asia to the central
Pacific Ocean had more than 10% of the sulfate associ-
ated with mineral dust. The reaction of SOy with dust
was found to be so fast as compared to their reference
simulation without dust that more SO, reacted to sul-
fate instead of being removed by dry deposition. Here
sulfate is assumed to render the portion of the dust mass
that corresponds to the sulfate mass inactive as contact
nuclei evenly divided between the sub- and supermicron
mode. Then the remaining dust mass is converted into
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the number of contact nuclei. As sulfate aerosols are
mainly anthropogenic, this difference in contact nuclei
could be taken as an estimate of the anthropogenic im-
pact of sulfur coating of dust particles. In these two
simulations the mode radius in the aerosol diffusivity is
taken to be the mode radius of the accumulation size
dust aerosols (0.39 pm).

Another extreme assumption is considered in simulation
CARB where all contact nuclei are assumed to be insol-
uble carbonaceous particles (sum of hydrophobic black
carbon and hydrophobic organic carbon). Here the tem-
perature dependence that Young (1974) assumed for
contact nuclei (Ngent = Nip(270.15 — T)'3) is kept
as well. Evidence for carbonaceous material as ice nu-
clei was found in contrails and some cirrus clouds e.g.
Schroder et al. (1998), Strom and Ohlsson (1998). For
this simulation, the mode radius for the aerosol diffu-
sivity is 0.016 pm.

Figure 3 shows the annually zonal averaged contact nu-
clei number concentration as a function of height from
the reference simulations and the simulations DUST,
DUST-SULF and CARB. In the reference simulation
contact nuclei concentration increase strongly with de-
creasing temperature. They are most numerous around
the tropical and polar tropopause. Dust contact nuclei,
on the other hand, increase less strongly with height.
They are more abundant in the polar middle and upper
troposphere than in the lower troposphere showing the
better nucleation behavior with decreasing temperature
as found by Pitter and Pruppacher (1973). If an internal
mixture of dust and sulfate is assumed, the ice nuclei
concentration is only slightly reduced as compared to
DUST. The contact nuclei concentration is highest in
the northern hemisphere and in the tropics, if contact
nuclei are assumed to be insoluble carbonaceous parti-
cles.

The large difference in the number of ice nuclei between
the control simulation and the simulation DUST is not
reflected in the difference in the number of ice crystals
at temperatures between 0 and -35°C. Even though the
concentration of contact nuclei is larger in the DUST
simulation than that in the control simulation, ice crys-
tals are more numerous in the polar mid troposphere
in the control simulation caused by the smaller aerosol
diffusivity in the DUST simulation. A slight reduction
in ice crystal number concentration in DUST-SULF as
compared to DUST is only evident near the surface in
Antarctica. Even though there are 2 orders of magni-
tude more ice nuclei in simulation CARB in the north-
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ern hemisphere mid-latitudes than in DUST, the ice
crystal number has only slightly increased. As con-
tact freezing depends quadratically on the cloud droplet
number concentration, a faster contact freezing caused
by more ice nuclei will decrease the cloud droplet num-
ber concentration. Subsequently fewer cloud droplets
are available limiting the contact freezing process. The
ice crystal number concentrations are similar to those
predicted by Ghan et al. (1997) using the NCAR GCM.

The similarity of all simulations in the upper tropo-
sphere and lower stratosphere is caused by homogeneous
freezing and deposition of water vapor onto the existing
ice crystals below -35°C. This is the result of using a
simple saturation adjustment scheme for homogeneous
freezing. However, Kércher and Lohmann (2001) and
Lohmann and Kércher (2001) showed that even if ho-
mogeneous freezing is parameterized as a function of
vertical velocity and temperature and the saturation
adjustment scheme is abandoned, homogeneous freez-
ing is not limited by the number of hygroscopic aerosols.
That is, anthropogenic aerosol and precursor emissions
seem to have no effect on cirrus formed by homogeneous
freezing.

Figure 3 also shows the different cloud droplet num-
ber concentrations for these simulations. In DUST and
DUST-SULF, where contact freezing in the northern
hemisphere mid and lower troposphere is smallest, the
number of cloud droplets is higher than in the control
experiment and CARB.

Figure 4 shows the annually zonal averaged liquid and
ice water path and shortwave and longwave cloud forc-
ing from the control simulation, DUST, DUST-SULF
and CARB together with observations. Since the ob-
servations of liquid water path from the Special Sen-
sor Microwave Imager (SSM/I) from Greenwald et al.
(1993) and Weng and Grody (1994) are only available
over the ocean, the comparison of liquid and ice water
path is restricted to ocean points only.

The ice water path shows maxima in the intertropical
convergence zone and in the stormtracks of the extra-
tropics. The simulation DUST and DUST-SULF are
very similar, the global mean ice water path is the same
in both experiments (see also Table 1). The ice water
path is everywhere highest in the control simulation fol-
lowed by simulation CARB.

The liquid water path is highest in DUST and DUST-
SULF and lowest in CARB. The difference in global
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mean liquid water path between CARB and DUST is
22 gm~2 (Table 1). As compared to the SSM/I observa-
tions the liquid water path is larger in all 4 simulations,
especially the maximum in the tropics is larger by more
than a factor of 2. As the longwave cloud forcing is
underestimated and the shortwave cloud forcing over-
estimated in the tropics in all 4 simulations that might
point to problems in the convection scheme rather than
to problems in the large scale cloud scheme. The mass
flux scheme used in this study, the Tiedtke convection
scheme (Tiedtke 1989) together with the updates by
Nordeng (1994), detrains most of the cloud water from
shallow convective clouds and only a small fraction in
anvils. That would lead to an overestimation of the
liquid water path and shortwave cloud forcing and an
underestimation of the longwave cloud forcing. Another
explanation is that the convective clouds do not pene-
trate high enough in the troposphere. A thorough anal-
ysis of the convection scheme, however, is beyond the
scope of this paper. The maxima in shortwave cloud
forcing in mid-latitudes are best captured in simula-
tions DUST and DUST-SULF as compared to CARB.
This is reassuring as the former two assumptions are
most realistic.

The globally annual mean averages are summarized in
table 1. The difference between DUST and DUST-
SULF could be thought of as the anthropogenic in-
fluence. In pre-industrial times, much fewer sulfate
aerosols were present in the atmosphere and the ex-
ternal mixture assumption could have prescribed the
number of contact nuclei well. In present-day times, an-
thropogenic emissions of sulfur dioxide will be oxidized
to sulfate aerosols. If these aerosols or even sulfur diox-
ide come in contact with dust aerosols, they are likely to
reduce the number of active sites. However, the differ-
ences between DUST and DUST-SULF in terms of the
shortwave and longwave cloud forcing are only 0.2 and
0.1 W m~2, respectively. So the sulfate coating of dust
is not the most important factor for changing contact
nucleation. Changes in aerosol size are more important
as the diffusivity depends nonlinearly on size once the
Cunningham correction factor is not negligible. This
is the case if aerosols are comparable in size or smaller
than the molecular mean free path.

To address the maximum impact aerosols could have
on ice clouds, sensitivity experiments using extreme as-
sumptions employing the simpler model set-up with-
out number concentrations for ice crystals and cloud
droplets as described in Lohmann and Feichter (1997)
are performed. In simulation ICE it is assumed that
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Table 1. Global annual mean liquid water path (LWP)
(g m~2), ice water path (IWP) (g m~2), shortwave
cloud forcing (SCF) (W m~2), longwave (LCF) (W
m~?) and net cloud forcing (CF) (W m~2) for the refer-
ence simulation (REF), the simulation DUST, DUST-
SULF, CARB and observations of the cloud forcings
from ERBE.

Exp REF DUST DUST- CARB ERBE
SULF

LWP 85.0 106.2 106.2 83.9

IWP  20.8 18.7 18.7 20.2

SCF  -45.8 -49.7 -49.9 -45.5 -49.1

LCF  30.8 33.2 33.3 30.7 29.7
CF -15.0 -16.5 -16.6 -14.8 -194

no liquid water can exist below 0°C, that is, the at-
mosphere would have an abundance of ice nuclei at all
subfreezing temperatures. On the other hand, in the
simulation LIQUID it is assumed that all cloud droplets
are supercooled down to -35°C, that is, no ice nuclei ex-
ist at all. The impact on liquid and ice water path as
well as on the longwave and shortwave cloud forcing is
shown in figure 5. The liquid water path in simula-
tion LIQUID is three times larger than in the simula-
tion ICE while the ice water path is only twice as large
as in the simulation ICE compared to the simulation
LIQUID in the global mean (see table 2). The smaller
sensitivity in ice water path reflects the more efficient
precipitation mechanism via the ice phase. The differ-
ence in total cloud water path has a profound impact
on the radiation budget such that the shortwave and
longwave cloud forcing are 17 W m~2 and 5 W m~—2
larger in LIQUID than in ICE, respectively. The ICE
simulation is closer to the reference simulation allowing
for mixed-phase clouds (simulation MIX) indicating the
rapid glaciation of supercooled clouds once a sufficient
number of ice crystals has been formed.

Fowler and Randall (1996) performed a sensitivity study
between a mixed phase cloud simulation allowing su-
percooled cloud water down to -40°C corresponding
to our MIX simulation and a simulation with no su-
percooled clouds corresponding to our ICE simulation.
They found larger differences of 8 W m~? in both the
longwave and shortwave cloud forcing probably because
they did perpetual January simulations whereas here
the full annual cycle is simulated.

The cloud phase has an impact on the indirect aerosol
effect. For the simulations ICE and LIQUID pre-

Table 2. Global annual mean liquid water path (LWP),
ice water path (IWP), shortwave cloud forcing (SCF)
and longwave cloud forcing (LCF) for the simulations
ICE and LIQUID and compared to the reference simu-
lation with mixed phase clouds MIX

Experiment ICE LIQUID MIX
LWP (g m—2) 55 160 63
IWP (g m~2) 27 14 26
SCF (W m~2) 43 -60 -47
LCF (W m2) 29 34 30

industrial simulations were also performed. In these
simulations the fossil fuel emissions are set to zero and
the biomass burning is reduced to 10% of the present-
day value. The indirect aerosol effect is then taken to
be the difference in shortwave cloud forcing between the
present-day and pre-industrial experiment. While the
indirect effect is -1.4 W m~2 in the reference simulation
(Lohmann and Feichter, 1997) it is larger in LIQUID
with -2.2 W m~2 and smaller in ICE with -1.1 W m—2.
The indirect effect is smallest in ICE because here the
increase in liquid water path is only a third of that in
LIQUID. The longwave cloud forcing, however, changes
only by 0.1 W m~2 between pre-industrial and present-
day times in all simulations.

5. Summary and conclusions

The ECHAM model was used to investigate the sen-
sitivity of contact freezing to assumptions in contact
ice nuclei. A simulation, in which contact ice nuclei
depend only on temperature were compared to sim-
ulations in which contact ice nuclei were assumed to
be dust (simulation DUST) or insoluble carbonaceous
aerosols (simulation CARB). The ice water path was
reduced in DUST as compared to the reference simu-
lation because the contact nucleation depends on the
aerosol diffusivity which is strongly size dependent. As
the dust nuclei are larger than the contact nuclei in the
reference simulation the contact nucleation is less effi-
cient in DUST.

Accounting for internally mixed aerosols rather than ex-
ternally mixed aerosols, by reducing the number of con-
tact nuclei in proportion to the mass of sulfate aerosols
present as motivated by the study of Dentener et al.
(1996), changes both the number of ice crystals and the
ice water content only slightly. As sulfate aerosols are
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mainly anthropogenic, this difference in contact nuclei
could be taken as the anthropogenic impact on con-
tact nucleation. In reality, some natural sulfate, nitrate
or organics could have formed an internal mixture with
dust and some dust in an internally mixed aerosol could
act as an immersion nuclei which would reduce this ef-
fect even more.

As contact nucleation depends on the strongly size de-
pendent aerosol diffusivity larger changes in ice clouds
can be expected from anthropogenic emissions of smaller
insoluble carbonaceous aerosols. The difference in ice
water path in simulation CARB as compared to simu-
lation DUST amounts to 1.5 g m~2. This is accompa-
nied by a 22.3 g m~2 difference in liquid water path.
The difference in ice water path is smaller than in lig-
uid water path because the precipitation formation via
the ice phase is more efficient. The resultant change in
cloud forcing is a 4.2 W m~2 smaller shortwave cloud
forcing and a 2.5 W m~2 smaller longwave cloud forcing
in CARB as compared to DUST.

These differences in liquid and ice water path are, how-
ever, much smaller than what has been assumed in
two extreme sensitivity studies. Simulation LIQUID
assumes that no ice nuclei exists above -35°C while sim-
ulation ICE assumes that ice nuclei are as abundant as
cloud condensation nuclei and therefore no liquid water
clouds exist below 0°C. Then the difference in liquid
water path between these two simulations is 105 g m =2
and 13 g m~?2 in ice water path.

Our attempt to account for the reduction in active sites
on dust aerosols is very simplified. Here we depleted the
dust mass in proportion to the sulfate mass whereas a
thin sulfate coating may be sufficient. A more realistic
way would be to explicitly simulate the uptake and ox-
idation of sulfur dioxide with ozone on dust aerosols as
done by Dentener et al. (1996). In order to parameterize
the absorption of SO3 on dust aerosols, the concentra-
tion of HO3 is needed as both HO5 and SO;r act as chain
carriers. We currently do not prescribe HO5 concentra-
tions in the model. However, it should be addressed in
future studies. Moreover, while we did not change the
cloud droplet nucleation in this study to isolate the ef-
fect of contact nucleation, the impact of the internally
mixed dust-sulfate aerosol on cloud droplet nucleation
should be taken into account in future studies as well.

Contact nucleation is only one aspect in which anthro-
pogenic aerosols can influence ice clouds. Other ways in
which anthropogenic aerosols could influence ice clouds
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include 1) a reduction in the freezing point of cloud
drops, 2) homogeneous freezing of sulfuric acid drops,
and 3) other heterogeneous freezing mechanisms (im-
mersion freezing and condensation freezing) which have
not been considered here. Their impact could be much
larger as the sensitivity experiments with extreme as-
sumptions about the chemical composition of contact
nuclei have shown.
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Figure 1. Cloud water content as a function of temperature for different observations and ECHAM
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Figure 2. The fraction of cloud layers that are supercooled cloud water from different observations and ECHAM
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Figure 3. Annual zonal mean cross section of contact ice nuclei number concentration (INc) [cm 2] (left column),
ice crystal number concentration (IC) [cm~2] (middle column), and cloud droplet number concentration (CDNC)
[cm~2] (right column) for the different simulations.
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Figure 4. Annual zonal mean ice water path, liquid water path, shortwave and longwave cloud forcing from

observations and ECHAM. Observational data for liquid water path are two different estimates from SSM/T and

for the longwave and shortwave cloud forcing from ERBE.
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simulations ICE and LIQUID



